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ABSTRACT 
Binaral Rivalry in the Presence of 
Visual Lexical and Perceptual Influences 
By 
Jennifer Chen 
When two different odorants are presented at the same time to the two nostrils, we 
experience alternations in olfactory percepts, a phenomenon called binaral rivalry. Little, 
however, is known about the nature of such alternations. Here we investigate this issue by 
subjecting unstable and stable olfactory percepts to the influences of visual lexical or 
perceptual cues as participants engage in either mononaral sampling of a single odorant 
or binaral sampling oftwo different odorants. We show that alternations of olfactory 
percepts in the binaral setting persist even when visual modulation is present. We further 
show that while the two types of cues exert comparable effects in the mononaral setting, 
they produce greater and unequivocal differences in the binaral setting, with perceptual 
cues outweighing lexical cues. Our findings provide the evidence that an inherent, 
stimulus-driven process underlies binaral rivalry despite its general susceptibility to top-
down influences. 
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Perceptual rivalry is documented in vision (Blake & Logothetis, 2002), audition 
(Deutsch, 1974), touch (Carter, Konkle, Wang, Hayward, & C. Moore, 2008), and 
olfaction (Zhou & Chen, 2009a). It involves perceptual alternations between 
incompatible representations and offers a useful tool for studying perception and 
consciousness. While rivalry in vision has been the subject of study for over 170 years 
(Blake & Logothetis, 2002), little is known about the nature of rivalry in olfaction. In the 
following, I will present the background pertaining to olfactory rivalry, followed by work 
I did that used visual influence of olfaction as an example to investigate top-down and 
bottom-up influences on binaral rivalry. 
BACKGROUND 
Olfactory system 
Humans are capable of detecting thousands of different smells with about 384 
intact olfactory receptors (ORs) (Menashe, Aloni, & Lancet, 2006). The ORs are located 
in the cilia of the olfactory sensory neurons (OSNs) on each side of the upper nasal 
cavity. Binding of the odorant molecule to the ORs sends the olfactory information to the 
ipsilateral olfactory bulb (OB) on each side of the hemisphere (Powell, Cowan, & 
Raisman, 1965). The OSNs expressing the same OR type converge stereotypically to a 
fixed number of glomeruli (about 2 glomeruli per OR in mice and rats and about 16 
glomeruli per OR in humans) in each bulb where they synapse with the mitral and tufted 
cells (Maresh, Rodriguez Gil, Whitman, & Greer, 2008). Olfactory information continues 
ipsilaterally to the anterior olfactory nucleus (AON), the olfactory tubercle, the piriform 
cortex, the amygdala, and the entorhinal cortex (input regions from the OB that are 
collectively known as the primary olfactory cortex) and further on to the orbitofrontal 
cortex (OFC) (a major part of the secondary olfactory cortex) (Gottfried & Zald, 2005; 
Powell et aI., 1965). Noticeably, olfaction is it the only sensory system that has direct 
access to the OFC and the amygdala, regions important for emotion processing, 
bypassing the thalamus (Gottfried & Zald, 2005; Shepherd, 2005; Tanabe, Yarita, Lino, 
Ooshima, & Takagi, 1975). 
In addition to the strong ipsilateral projection, the AON also sends a branch of 
olfactory information to the contralateral hemisphere via the anterior commissure 
(Brunjes, Illig, & Meyer, 2005; Lohman & Mentink, 1969). 
The olfactory bulbs receive centrifugal inputs from primary olfaction projection 
areas, which exert top-down influence on olfaction (Shepherd, 1998; Singer, Kim, & 
Zochowski, 2007). 
Binaral rivalry 
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When simultaneously presented with two different odorants, such as a rose smell 
in one nostril and a Sharpie marker smell in the other, people vacillate between the two 
alternative olfactory percepts, a phenomenon called binaral rivalry (Zhou & Chen, 
2009a). Switching the smells between the nostrils renders the suppressed smell dominant 
again, suggesting that the alternations can occur on the peripheral olfactory receptor 
level. Rendering the input from the nostrils constant by presenting subjects with the same 
binary mixture consisting of equal proportions of the rose smell and the marker pen smell 
to the two nostrils has little impact on the rivalry, suggesting that binaral rivalry also 
occurs on the corticallevel. 
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Binaral rivalry likely takes place at the level of the olfactory bulb and propagates 
along the different levels of the olfactory pathway. Glomeruli that receive the input from 
similar receptor types tend to cluster spatially in the bulb (although overall, the olfactory 
system lacks the fine-scaled chemotopic organization as is found in other sensory 
systems) (Ressler, Sullivan, & Buck, 1994; Xu et aI., 2003). Lateral inhibition occurs 
among the glomeruli within the bulb, among mitral/tufted cells mediated by the 
GABAergic and dopaminergic interneurons (Carlson, Shipley, & Keller, 2000; Shepherd, 
1998), between the bulbs mediated by the AON (Kikuta et al., 2010; Van et aI., 2008), 
and within the piriform cortex, a major projection of the AON (Wilson, 1997; 2001). 
Binaral rivalry is reminiscent of a well-studied phenomenon in vision known as 
the binocular rivalry (Alais & Blake, 2005), which refers to alternations between two 
incompatible images that are presented to the two eyes. The oscillation pattern of 
binocular rivalry follows an automatic and stochastic fashion (Lehky, 1995). However, 
there are still rooms for factors influencing the temporal dynamics of binocular rivalry; 
for example, stimuli with high contrast (Blake & Mueller, 1989), moving contours 
(Blake, Yu, Lokey, & Norman, 1998), and high spatial frequency (Fahle, 1982), are more 
likely to have greater dominance and shorter suppression phase (Bossink, Stalmeier, & 
De Weert, 1993). On the other hand, as for higher cognitive process, stimulus that is 
embedded in a meaningful and congruent context maintains its predominance phase 
longer than the stimulus embedded in an incongruent context (Alais & Blake, 1999). In 
terms of attentional control, subjects cannot maintain the predominance of one rival 
stimulus over the other indefinitely (Blake & Logothetis, 2002). Given the above 
evidence, binocular rivalry is subject to bottom-up influences but more likely to be 
resistant to top-down influences. While much is known about what influences rivalry in 
vision, little is known about what factors influence the rivalry in olfaction. 
Visual influence on olfaction 
When it comes to visual influence on olfaction in humans, vision is thought to be 
dominant. Olfaction is long considered an auxiliary sense that is ambiguous, elusive, and 
subject to the influence of the dominant sense vision. This ~iew was shared by the 
founding father of modern psychology, William James, who wrote, "We know that a 
weak smell or taste may be very diversely interpreted by us, and that the same sensation 
will now be named as one thing and the next moment as another ... In this wise one may 
make a person taste or smell what one will, if one only makes sure that he shall conceive 
of beforehand as we wish by saying to him 'Doesn't it smell just like, etc.?' (James, 
1890). Research indeed shows that visual information such as colors, verbal labels, and 
pictures, can often override the original percept generated by the smell alone. Color, for 
one, has been consistently shown to influence odor identification, discrimination, 
intensity, and pleasantness judgments. Engen reported that subjects were more likely to 
report detecting a smell when the substances were colored than without coloring (Engen, 
1972). In an odor-color matching task, subjects matched certain odors to particular 
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colors, such as bergamot-yellow, and cucumber-green (Dematte, Sanabria, & Spence, 
2006; Gilbert, Martin, & Kemp, 1996; Schifferstein & Tanudjaja, 2004). When the 
solutions were colored inappropriately, such as cherry-orange, lemon-red, orange-yellow 
and white wine-red, it was much harder to identify the odor correctly in the odor 
identification task (Blackwell, 1995; DuBose, Cardello, & Maller, 1980; Morrot, Brochet, 
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& Dubourdieu, 2001; Zellner, Bartoli, & Eckard, 1991). The accuracy of speeded odor 
discrimination between strawberry and lemon smells declined because of the presence of 
incongruent color and shape cues (e.g., a lemon smell and a picture of a red lemon, a 
lemon smell and a picture of yellow strawberry) (Dematte, Sanabria, & Spence, 2009). In 
a triangle discrimination test, picking the odd odorant in inappropriate color-odor pairs, 
for instance, dying lemon and grapefruit solutions red or green rather than yellow, was 
more difficult (Stevenson & Oaten, 2008). Furthermore, lighter color was expected to 
associate with weaker smell; while darker color was assumed to relate to a stronger smell 
(Blackwell, 1995; Kemp & Gilbert, 1997). When the odor solutions (e.g., strawberry 
smell) were colored (e.g., red), the smell was perceived more intense than colorless 
(Zellner & Kautz, 1990). In addition, subjects more liked the odor with a compatible 
color (e.g., lemon-yellow) than with an incompatible one (e.g., lemon-red) (Zellner et aI., 
1991). 
Verbal labels also affect olfactory perceptions. The presence of mismatched 
verbal labels impaired the performance on odor identification (Cain, 1979; Cain & Potts, 
1996; Distel & Hudson, 2001; Jehl, Royet, & Holley, 1997), as evidenced by the 
enhancement of P300 amplitudes in the context of rare or incorrect odor labels (Lorig, 
Mayer, Moore, & Warrenburg, 1993). When the cues were impertinent to the olfactory 
stimulus (e.g., a banana odor followed by a word 'blue'), the odor identification task 
became more difficult (Davis, 1981). The odors with positive name (e.g., banana bread) 
were rated as more pleasant and less intense than odors with negative name (e.g., nail-
polish remover) (Djordjevic et al., 2008). A mixture of isovaleric and butyric acids were 
labeled as "parmesan cheese" or "vomit". Although the olfactory stimuli remained the 
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same, subjects rated the odor labeled "parmesan cheese" more pleasant than the same 
odor labeled "vomit" (Herz & von Clef, 2001). Likewise, a test odor (isovaleric acid with 
cheddar cheese flavor) labeled "cheddar cheese" was judged more pleasant than the same 
test odor labeled "body odor", in association with higher BOLD signal changes in rostral 
anterior cingulated cortex (ACC)/medial orbitofrontal cortex (OFC) and bilateral 
amygdale (de Araujo, Rolls, Velazco, Margot, & Cayeux, 2005). More strikingly, even in 
the absence of olfactory stimuli, odor-related words along, such as garlic, cinnamon, and 
jasmine, could elicit the activity in the olfactory regions, including bilateral piriform 
cortex and the right amygdale (Gonzalez et aI., 2006). 
Pictures likewise influence olfactory perception. When an odor was presented 
with an appropriate picture (e.g., apple smell and a picture of an apple), subjects judged 
this odor more intense and pleasant than an odor presented with an inappropriate picture 
(e.g., apple smell and a picture of a pear) (Sakai, Imada, Saito, Kobayakawa, & Deguchi, 
2005). In studies using event related potentials (ERP), perceiving mismatched odor-
picture stimuli (e.g., grass smells and a picture of road surface) elicited significantly 
greater amplitude of the N400 peak which was thought to reflect the violation of 
expectancy, than perceiving matched odor-picture stimuli (e.g., grass smells and a picture 
of grass) (Grigor, van Toller, Behan, & Richardson, 1999; Sarfarazi, Cave, Richardson, 
Behan, & Sedgwick, 1999). 
Olfactory influence on vision 
While how vision influences olfaction has been well studied, evidence supporting 
the reverse is still being accumulated. Olfactory properties (e.g., hedonic values) alone or 
in combination with non-olfactory properties (e.g., trigeminal component) have been 
shown to influence vision possibly through the former's arousing effect on attention 
(Knasko, 1995; Michael, Jacquot, Millot, & Brand, 2005; Millot, Brand, & Morand, 
2002). For example, in the presence of an odorant (e.g., orange smell), subjects attended 
to the congruent visual object (e.g., a picture of oranges) for a longer period of time, 
compared with the incongruent visual object (e.g., a picture of apples) (Seo, Roidl, 
Muller, & Negoias, 2010). In the visually guided reach-to-grasp tasks, subjects' hand 
apertures and reaching duration were influenced by the size of the objects that olfactory 
cues implied (Castiello, Zucco, Parma, Ansuini, & Tirindelli, 2006; Tubaldi, Ansuini, 
Dematte, Tirindelli, & Castiello, 2008; Tubaldi, Ansuini, Tirindelli, & Castiello, 2008; 
Tubaldi, Turella, & Piemo, 2010). On the higher cognitive level, the presence of a rose-
like odor interfered with the semantic encoding of words (Le., judging whether the words 
were animate or inanimate), suggesting the competition for semantic resource between 
olfaction and language (Walla et aI., 2003a). Similar results were also found in face 
recognition tasks in which subjects' face recognition performances declined when faces 
were encoded (Le., by judging the sympathy of the faces) in the presence of an odor 
(Walla et al., 2003b). Male faces were perceived less attractive in the presence of an 
unpleasant odor (e.g., rubber, body odor) than either a pleasant odor (e.g., geranium, a 
male fragrance) or clean air (Dematte, Osterbauer, & Spence, 2007). 
Interestingly, olfaction exerts its influence on vision even when subjects are not 
aware of the presence of the olfactory cues. For example, subconscious positive (e.g., a 
rose smell) and negative (e.g., a rotten egg smell) smells facilitated the face recognition 
performance (Walla, Mayer, Deecke, & Lang, 2005). Moreover, smelling the sweat 
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generated by people experiencing fear subconsciously modulated participant's perception 
of facial emotions; participants perceived ambiguous facial expressions as more fearful in 
the presence of fearful sweat compared with pads that did not carry sweat (Zhou & Chen, 
b). In fact, one study showed that only in the absence of conscious awareness could the 
valence of olfactory cues bias participant's preference for the neutral faces (Li, Moallem, 
Paller, & Gottfried, 2007). 
In the latest study on olfactory influence on vision, Zhou and colleagues subjected 
participants to a binocular rivalry paradigm where visual stimuli were unstable while 
subjects inhaled an odor that was congruent to one of the competing visual images (e.g., a 
rose smell and a picture of rose) (Zhou, Jiang, He, & Chen, 2010). They reported that 
odors prolonged the perceived dominance of and shortened the suppression of congruent 
images and argued that the olfactory influence on binocular rivalry was automatic and 
preconscious. 
Lexical vs. perceptual modulation 
Previous studies of visual-olfactory interaction have used words or pictures as the 
visual stimuli. There is a reason to believe that visual modulation of olfaction may be 
different for words and pictures. One cognitive model proposed that words and pictures 
were first encoded equally at fovea level and subsequently processed in the linguistic 
surface processing system in left hemisphere and pictorial surface processing system in 
the right hemisphere, respectively (Paivio, 1971; Theios & Amrhein, 1989). Another 
model posited that words and pictures were processed separately at higher cognitive 
function where words had privileged access to lexicon while pictures had privileged 
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access to the semantic system (Glaser & Glaser, 1989; Sevostianov et aI., 2002). Imaging 
evidences further support above cognitive models in the way that different brain areas are 
recruited during words and pictures encoding. A PET study showed that as compared 
with baselines (e.g., five-X, crosshair), processing words activated language areas (e.g., 
angular gyrus, Broca's area, dorsolateral prefrontal cortex) while pictures activated 
broader regions, including those involved in perceptual representations (e.g., striate and 
extrastriate cortex), spatial properties (e.g., inferior parietal region) and shape recognition 
(e.g., middle inferior temporal region) (Menard, Kosslyn, Thompson, Alpert, & Rauch, 
1996; Park & Rugg, 2008; Vandenberghe, Price, Wise, Josephs, & Frackowiak, 1996). In 
combination of fMRI technique and one-back tasks, Sevostianov and colleagues found 
greater left hemisphere advantage of processing words than pictures and stronger right 
hemisphere predominance of processing pictures than words (Sevostianov et aI., 2002). 
During the passive viewing of pictures of buildings and faces, the parahippocampal place 
area (PPA) and fusiform face area (FFA) were respectively activated. However, passive 
viewing the names of building and nationalities of the faces did not elicit vigorous 
activations in PP A or FF A; instead, higher responses in left occipito-temporal cortex, 
termed as visual word form area, were found (Reinholz & Pollmann, 2005). 
Neural substrates of visual-olfactory integration 
Neuroanatomical pathways that connect the retinal and olfactory bulbs have been 
reported in primates and other mammals. They include the piriform cortex, the olfactory 
tubercle, the cortical region of the medial amygdale, lateral hypothalamus, and the bed 
nucleus of the stria terminals (Cooper, Mick, & Magnin, 1989; Cooper, Parvopassu, 
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Herbin, & Magnin, 1994; Levine, Weiss, Rosenwasser, & Miselis, 1991; Mick, Cooper, 
& Magnin, 1993; Pickard & Silverman, 1981; Youngstrom, Weiss, & Nunez, 1991). 
Additional primate studies also have indicated that the orbitofrontal cortex (OFC) 
receives and integrates a range of highly processed sensory inputs from primary olfactory 
cortex and ventral visual pathway (Price & Ongur, 2000; Rolls & Baylis, 1994). The 
OFC is known for receiving multisensory inputs, including vision, audition, olfaction, 
gestation and somatosensation (Carmichael & Price, 1995; Kringelbach, 2005; Rolls, 
2004; Rolls & Baylis, 1994). Indeed, human fMRI studies also find the OFC to play an 
important role in visual-olfactory integration (Carmichael & Price, 1995; Cooper et al., 
1994; Gottfried & Dolan, 2003; Kringelbach, 2005; Osterbauer et aI., 2005; Pickard & 
Silverman, 1981; Rolls, 2004; Rolls & Baylis, 1994; Youngstrom et aI., 1991 ). For 
example, perceiving compatible color-odor pairs increased activity in the caudal OFC and 
the insular cortex (Osterbauer et al., 2005). Congruent smell and picture, such as a bus 
image and the diesel smell, enhanced the neural activity in the rostromedial OFC and the 
anterior hippocampus (Gottfried & Dolan, 2003). Studies have also documented 
enhanced activities in the piriform cortex during visual and olfactory inputs (Carmichael 
& Price, 1995; Cooper et al., 1994; Gottfried & Dolan, 2003; Pickard & Silverman, 1981; 
Youngstrom et aI., 1991). The piriform cortex is responsible for responding to such odor 
object representations in spatially distributed patterns (Gottfried, Winston, & Dolan, 2006; 
Gottfried & Wu, 2009; Howard, Plailly, Grueschow, Haynes, & Gottfried, 2009; Illig & 
Haberly, 2003; Kadohisa & Wilson, 2006; Sharp, Kauer, & Shepherd, 1977; Wilson, 
1997). 
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In summary, the above review suggests that words and pictures engage different 
neural mechanisms and are therefore likely to exert differential influences on olfaction. 
Specifically, words are likely to influence olfaction at the lexical level and pictures at 
both the perceptual and semantic levels. In the following, we examined this in the context 
ofmononaral and binaral olfactory perception. We hypothesized that if words biased 
binaral olfactory perception more than pictures, binaral rivalry would be subject to a 
greater extent to lexical and top-down visual influence. However, if pictures biased 
binaral olfactory perception more than words, then binaral rivalry would be subject to a 
greater extent to perceptual visual influence. 
METHODS 
Participants 
90 healthy nonsmokers (45 males, 45 females, mean age = 21.11 yrs; SEM = 0.36) 
participated in 6 separate experiments, with 15 participants in each experiment. They 
reported having a normal sense of smell and no respiratory allergy or upper respiratory 
infection at the time of testing. All gave informed consent for participation. 
Overall olfactory ratings 
Olfactory stimuli consisted of phenyl ethyl alcohol (PEA, 0.5% v/v in propylene 
glycol, 8mL, a rose smell) and purified water (8mL) in Experiments 1 and 3 (mononaral 
rose+water), n-butanol (0.5% v/v in propylene glycol, 8mL, a marker pen smell) and 
purified water (8mL) in Experiments 2 and 4 (mononaral marker+water), and PEA (0.5% 
v/v in propylene glycol, 8mL) and n-butanol (0.5% v/v in propylene glycol, 8mL) in 
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Experiments 5 and 6 (binaral rose+marker). PEA and n-butanol were at suprathreshold 
levels for all subjects, and correctly identified respectively as "rose" and "marker pen" 
over 3 trials. Olfactory stimuli were each contained in a 280mL glass bottle that was 
labeled with an unidentifiable letter and fitted with a custom-made Teflon nosepiece. 
Visual stimuli 
In Experiments 1, 2, and 5, visual stimuli consisted of either the word 
"MARKER" or the word "ROSE" (Fig.la) presented with a visual angle of about 7.87° x 
1.43° and 5.72° x 1.43°, respectively. In Experiments 3, 4, and 6, visual stimuli consisted 
of a static picture of either a marker pen or a rose presented with a visual angle of about 
2.86° x 15.66° and 18.18° x 15.66° (Fig.lb). Each was displayed for Is and chosen on the 
basis of the same object representation as its corresponding olfactory stimulus. 
a 
,,--- .... ~-- '. 
• • 
• • 
'i 
f 
.. t • 
. _--_ .... -, .. _-'._- .... _. 
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Figure 1 Visual stimuli used in (a) Experiments 1,2, and 5 and (b) Experiments 3, 4, and 
6. 
Procedure 
To avoid possible interference between visually presented words and pictures 
(Sevostianov et aI., 2002) and to minimize the effect of task-switching (Monsell, 2003) 
on olfactory performance, we chose a between-subject design in which an olfactory 
combination (mononaral rose, mononaral marker, binaral rose/marker) was paired with 
only one type of visual stimulus (words or pictures). 
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In the mononaral setting, subjects sampled simultaneously in each nostril either 
PEA and purified water (Experiments 1 and 3) or n-butanol and purified water 
(Experiments 2 and 4) in the presence of a congruent or incongruent word (Experiments 1 
and 2) or picture (Experiments 3 and 4). 
In the binaral setting, subjects sampled simultaneously in each nostril PEA and n-
butanol (Experiments 5 and 6) in the presence of a word (Experiment 5) or picture 
(Experiment 6) that was congruent to one of the odorants. 
Prior to the main experiment, subjects rated on 100-unit visual analogue scales 
rv AS) the perceived odor similarity to the smell of rose, odor similarity to the smell of 
marker pen, intensity, pleasantness, and familiarity of PEA and n-butanol, respectively, 
for each nostril. They were told the labels of the two smells ("rose" and "marker) and 
only the subjects who were able to successfully identify each smell on 3 consecutive 
trials were included in the study. Subjects subsequently performed a practice session 
consisting of 6 trials to familiarize themselves with viewing a visual stimulus while 
breathing through a pair of bottles. They were instructed to inhale through the nosepieces 
and exhale through their mouth for the duration of the visual stimulus. 
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In the actual experiment, each subject completed 40 intermittent trials of the 
visual-olfactory task (presented in 4 runs, with a 3s break in between the trials within 
each run and a 1m break in between the runs to prevent adaptation). Each trial began with 
a fixation (1s) followed by two low beeps (1s each) and one high beep (1s). At the end of 
the high beep, a visual stimulus appeared on the screen, and while maintaining the 
fixation on the visual stimulus, subjects took a single sniff of the pair of bottles (one in 
each nostril) for the duration of the visual stimulus (1 s), and indicated if they detected 
predominantly either rose or marker smell (see Fig.2 for an illustration). They went on to 
rate the similarity of the smell to the smell ofrose, to the smell of marker, as well as the 
intensity and pleasantness of the smell each on a 100-unit V AS ("not at all" on the one 
end and "extremely" on the other end). The sides of the nostrils in which a smell was 
presented were counterbalanced across subjects and the order of the visual stimuli was 
random within each experiment. Both the experimenters and the subjects were blind to 
the purpose of the study, the nature ofthe olfactory stimuli they received, or to the side of 
the nostril a stimulus was presented. 
Fixation 
1s 
Tones 
3s 
Time 
Visual stimulus 
(Word/Picture) 
Sniff 
1s 
Rose 
or 
Marker? 
Similarity to 
Rose/Marker 
Pleasantness/ 
IntenSity 
Response to Olfactory Stimuli 
-17s 
Figure 2 Illustration of an experimental trial. Each trial began with a fixation (1 s) 
followed by 2 low tones and 1 high tone (1 s each) that prompted the subjects to take a 
single sniff of a pair of bottles at the end of the high tone for the duration (1 s) of a visual 
stimulus (word in Experiments 1,2, and 5 and picture in Experiments 3, 4, and 6) while 
maintaining fixation on the visual stimulus. Subjects subsequently indicated whether they 
smelled predominantly "rose" or "marker," and rated its similarity to the rose and marker 
smells, as well as its intensity and pleasantness on VAS with 'not at all' on one end of the 
scale and 'extremely' on the other end. 
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Analyses 
To assess subjects' overall perception of PEA and n-butanol prior to the visual 
modulation, we conducted separate repeated measures analysis of variance (ANOVAs) 
on the V AS ratings of the odor similarity to rose, odor similarity to marker pen, intensity, 
pleasantness, and familiarity, with odorants (2 levels: PEA vs. n-butanol) and side of 
nostril (2 levels: left vs. right) as within-subject factors. 
To examine visual modulation of olfaction in the mononaral setting, we 
conducted repeated measures ANOV As on the V AS similarity ratings to rose and marker 
pen, respectively, using visual cues (2 levels: rose vs. marker) as the within-subject factor 
and olfactory conditions (2 levels: "rose+water" vs. "marker+water") as between-subject 
factors. Similar analyses were performed on the data collected in the binaral setting but 
without olfactory conditions as between-subject factor. 
Bivariate Pearson correlations were performed to examine the relationship 
between odor similarity and pleasantness on the one hand and odor similarity and 
intensity ratings on the other hand. 
To investigate the effect of visual modulation by words and pictures, we used 
independent sample t-tests to compare the proportion of times in which subjects reported 
detecting an odor that was congruent to the simultaneously presented word and that to a 
simultaneously presented picture for the mononaral and binaral conditions, respectively. 
We next investigated whether congruent words/pictures differentially biased the 
odor similarity ratings. To account for possible response biases between the word and 
picture conditions associated with the between-subject design, we scaled odor similarity 
ratings to congruent visual cues (i.e., similarity to the rose smell in the presence of a 
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visual rose cue, similarity to the marker smell in the presence of a visual marker cue) by 
dividing the mean similarity ratings to congruent visual cues (i.e., similarity to the rose 
smell in the presence of a visual rose cue, similarity to the marker smell in the presence 
of a visual marker cue) by the mean similarity ratings in the presence of both congruent 
and incongruent visual cues (i.e., similarity to the rose or marker smell in the presence of 
rose or marker cue). 
Finally, we compared the strength of the visual modulation of odor similarity 
ratings for the word and the picture conditions with independent sample t-tests for the 
mononaral and the binaral settings, respectively. We defined the strength of word 
modulation of odor similarity ratings by taking the standard deviation of the mean odor 
similarity ratings in the presence of a word (i.e., the mean of the standard deviation of the 
perceived odorant similarity to the rose smell and its similarity to the marker smell in the 
presence of the word "rose" and the word "marker"). Similarly, we defined the strength 
of picture modulation as the standard deviation of mean odor similarity ratings in the 
presence of a picture. In both cases, larger standard deviations in olfactory perception 
would indicate greater visual modulation. 
RESULTS 
Overall olfactory ratings 
Compared with n-butanol, PEA was perceived to smell significantly more rose-
like [t(89) = 12.01, p < .01, Cohen's d = 1.77], less marker-like [t(89) = 11.79, p < .01, 
Cohen's d = 1.96], less intense [t(89) = 2.40, p =.02, Cohen's d = .29], more pleasant 
[t(89) = 8.91, P < .01, Cohen's d = 1.08] (Fig.3a-d), and comparably familiar [t(89) = .90, 
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p =.37, Cohen's d = .10] (Fig.3e). The ratings were collapsed across the nostrils as no 
nostril-side effect was found [F(l,89) = .04, P = .85, Cohen's d = .01]. 
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Figure 3 Mean olfactory similarity ratings to rose smell and to marker pen smell, and 
olfactory intensity, pleasantness, and familiarity ratings. Compared with n-butanol, PEA 
was perceived to smell (a) more rose-like, (b) less marker-like, (c) more pleasant, (d) less 
intense and (e) similarly familiar, respectively, on 100-unit visual analog scales. Error 
bars represent standard errors of the mean. *p < .05, **p < .01, Bonferroni corrected. 
Visual modulation of mononaral perception 
Subjects were significantly more likely to report detecting a rose smell and 
perceived it to be more rose-like in the presence of a rose visual cue [F(I, 58) = 27.32, P 
< .01, 11; = .32] (Fig.4). Similarly, they were more likely to report detecting a marker-pen 
smell and perceived the smell to be more marker-like in the presence of a marker visual 
cue [F(I, 58) = 30.87, p < .01, 11; = .35] (figure not shown). 
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Figure 4 Visual cues modulated mononaral olfaction. A smell was perceived more similar 
to the rose smell in the presence of rose cues. Error bars represent standard errors of the 
mean. * *p < .01, Bonferroni corrected. 
Subjects' ratings of odor similarities were positively correlated with odor 
pleasantness ratings [i.e., smells perceived to be more similar to rose were also rated 
more pleasant, and smells perceived less similar to rose less pleasant (r = .68, p < .01, 
Cohen's d = 1.87)]. Odor intensity ratings remained stable across the visual cue 
conditions [F(1, 58) = 2.01, p = .16, 11; = .03]. 
The word and picture visual cues did not differentially bias whether subjects were 
more likely to report detecting the smells that were congruent to the visual cues [t( 58) 
= .61, p = .55, Cohen's d = .16, Fig.5]. Nor did they bias odor similarity ratings [t(58) 
= .40, p = .69, Cohen's d = .02, Fig.6] or the strength of the visual modulation [t(58) 
= .49, p = .62, Cohen's d = .12, Fig.7]. 
19 
100 
c 
0 
a 80 Cl> (.) 
Q) 
Q.cn 
i::'~ 60 o (.) 
uca 
co ::J 
!!= cn o .-
- > c"o 
Cl> c 40 2 co 
OJ 
c 
0 (.) 20 
'0 
~ 0 
0 
Word Picture 
Types of visual stimuli 
Figure 5 Comparable proportion of detecting smells that were congruent to the visual 
cues between word and picture was observed in mononaral olfaction. Error bars represent 
standard errors of the mean. 
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Figure 6 Similar magnitude of odor similarity ratings to congruent visual cues as the 
function of words or pictures in mononaral olfaction. Error bars represented standard 
errors of the mean. 
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Figure 7 The strength of visual modulation by word and picture was comparable in 
mononaral olfaction. Error bars represented standard errors of the mean. 
Visual modulation of binaral perception 
As in the mononaral setting, subjects perceived the competing rose smell more 
dominant and more rose like in the presence of a rose visual cue [F( 1, 29) = 19.23, P 
< .01, 11; = .40] (Fig.8). This modulation effect was stronger in the binaral (11; = .40) 
than the mononaral setting (11; = .32). Pleasantness ratings mirrored that of odor 
similarity ratings (r = .60, P < .01, Cohen's d = 1.48) but intensity ratings were not 
modulated by the visual cues [F(l, 29) = .50, p = .48, 11; = .02]. 
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Figure 8 Vision modulated binaral olfaction. A smell was perceived more similar to the 
rose smell in the presence of rose cues. Error bars represent adjusted standard errors of 
the mean. * *p < . 01, Bonferroni corrected. 
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However, unlike it was in the mononaral setting, congruent pictures biased binaral 
olfactory perception to a significantly greater extent than congruent words. Subjects 
reported detecting odorants that were congruent to the visual cues in the picture condition 
to a significantly greater extent than in the word condition [t(21.88) = 2.13 , P = .04, 
Cohen's d = .78, Fig.9]. They also judged congruent odorants to smell more similar to the 
visual cue [t(28) = 2.20, P = .04, Cohen's d = .80, Fig.10], and to exert greater 
modulation [t(17.98) = 2.17, p = .04, Cohen's d = .79, Fig.11]. 
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Figure 9 Higher proportion of detecting smells that were congruent to the visual cues in 
the presence of pictures than words was observed in binaral olfaction. Error bars 
represent standard errors of the mean. 
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Figure 10 Greater magnitude of odor similarity rating to congruent visual cues in the 
presence of pictures relative to words in binaral olfaction. Error bars represent standard 
errors of the mean. *p < .05, Bonferroni corrected. 
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Figure 11 The strength of visual modulation by picture was significantly greater than 
word in binaral olfaction. Error bars represent standard errors about the mean. *p < .05. 
Olfactory resistance to visual modulation 
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Visual modulation did not overwrite olfaction (Fig.5); subjects in the mononaral 
PEA only condition still judged the PEA to be significantly more rose like than those in 
mononaral n-butanol only condition [F(l , 56) = 87.46, p < .01 , 11! = .61 , Fig. 12]. 
Olfaction also exerts its influence in the binaral setting (Fig.9) despite its even greater 
proneness to visual modulation. 
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Figure 8 Olfactory qualities were retained in mononaral olfaction. Compared with a 
marker pen smell (marker+water), a rose smell (rose+water) is perceived to smell 
significantly more like the rose smell. Error bars represent standard errors of the mean, 
adjusted for individual differences. **p < .01, Bonferroni corrected. 
DISCUSSION 
We investigated the nature ofbinaral rivalry by subjecting unstable and stable 
olfactory percepts to the influences of visual lexical or perceptual cues as participants 
engage in either binaral sampling of two different odorants or mononaral sampling of a 
single odorant. Consistent with previous findings (de Araujo et aI., 2005; Cain, 1979; 
Cain & Potts, 1996; Davis, 1981; Distel & Hudson, 2001; Djordjevic et aI., 2008; 
Gonzalez et aI., 2006; Gottfried & Dolan, 2003; Grigor et aI., 1999; Herz & von Clef, 
2001; Jehl et aI., 1997; Lorig et aI., 1993; Sakai et aI., 2005; Sarfarazi et aI., 1999), we 
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showed that although vision modulates both mononaral and binaral olfactory perception, 
the effect of visual modulation is stronger in the binaral than the mononaral settings, 
where olfactory inputs were unstable. 
According to the maximum-likelihood estimation theory, the brain weights 
sensory inputs differently in accordance with each modality's reliability, including spatial 
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location, temporal factor, and relative effectiveness, to make the optimal explanation of 
the external world (Alais & Burr, 2004; Ernst & Banks, 2002; Helbig & Ernst, 2007). 
Compared with mononaral perception where subjects are exposed to only one smell at a 
time, binaral perception involves competing olfactory percepts and is hence more 
susceptible to unambiguous and reliable visual influence. 
Interestingly, while word and picture modulations of olfaction are similar in the 
mononaral setting, picture exerted greater modulation of olfaction in the binaral setting. 
Comparable effects of word and picture modulations have been reported in the 
context of the recognition of stable sensory input involving spoken words or sounds 
(Noppeney, Oliver Josephs, Hocking, Price, & Friston, 2008). On the other hand, the 
relative magnitudes of word and picture modulation have not been documented in 
multistable perception. 
In our current study, the differential effects of word and picture modulations in 
the binaral setting may arise from their differences in modality-specific anatomical 
organization. Specifically, words carrying lexical information and pictures carrying 
perceptual and semantic information are primarily processed in left and right hemisphere, 
respectively (Glaser & Glaser, 1989; Menard et aI., 1996; Park & Rugg, 2008; 
Sevostianov et aI., 2002; Vandenberghe et aI., 1996) while olfactory processing inherits 
right hemisphere predominance (Savic & Gulyas, 2000; Zatorre & Marilyn Jones-
Gotman, 1990). The anatomical connection between picture and smell should be more 
direct and have shorter a distance than that between word and smell. In addition, it has 
been shown that characteristic sounds (e.g., "meow") facilitate visual search for 
corresponding object (e.g., a picture of cat), but not corresponding name of the object 
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(e.g., a word "cat"). This is because, in our daily experiences, we are more likely to 
simultaneously hear object's characteristic sound (e.g., "meow") when we see the object 
(e.g., a cat) than the name of the object (e.g., a word "cat") (Iordanescu, Grabowecky, & 
Suzuki, 2010; Iordanescu, Guzman-Martinez, Grabowecky, & Suzuki, 2008). Such 
object-based and perceptual ensemble cross-modal interaction may also apply to visual-
olfactory association. When we see a rose, we tend to smell the rose smell at the same 
time. By contrast, the visual-olfactory association between the word "rose" and rose 
smell is much weaker. As a result, pictures can exert greater influence than words on 
olfactory perception when olfactory percepts are in flux. We cannot completely rule out 
the semantic property embedded in the picture. The greater effect of picture modulation 
in the binaral condition may be the result of a combination of semantic and perceptual 
influences. Nevertheless, we only found differential modulation effects in binaral 
condition; perceptual property should playa greater role in modulating binaral olfaction. 
Overall, when olfactory percepts are stable and salient, such as mononaral olfaction, 
vision modulates olfaction on the basis of lexical/semantic at higher cognitive process. 
By contrast, when olfactory percepts are not stable, such as binaral olfaction, vision 
modulates olfaction on the basis of perceptual object representation. 
It is of note that despite visual modulation of olfaction, vision did not overwrite 
olfaction; subjects who were only exposed to the rose smell still judged the smell to be 
significantly more rose like and less marker like than those who were only exposed to the 
marker smell (Fig.12). Even in binaral setting where olfactory percepts are in flux and 
unstable, subjects continued to experience the visual modulation to a certain extent 
(Fig.9). For binocular rivalry, it has been well documented that the presence of other 
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sensory input (e.g., sound, smell, tactile) congruent to one of the rival stimulus can 
modulate the temporal dynamics (Le., prolong/shorten the predominance duration of 
congruent/incongruent rival stimulus, respectively) of binocular rivalry (Blake, James, & 
Sobel, 2004; van Ee, van Boxtel, Parker, & Alais, 2009; Zhou et aI., 2010). Although we 
cannot directly compare the modulation on temporal dynamics between binocular and 
binaral rivalry, what we found in this study suggest that an inherent, stimulus-driven 
process, similar to binocular rivalry, underlie binaral rivalry despite its general 
susceptibility to top-down influences. 
CONCLUSION 
We have assessed the effect of lexical vs. perceptual visual modulation of 
olfaction by subjecting subjects to words or pictures while their olfactory percepts were 
stable and while they were in flux. We show that while different visual stimuli have 
comparable effect on olfaction when olfactory cues are stable, the visual modulation is 
greater when olfaction is in flux. Moreover, perceptual visual cues exert a greater 
influence in binaral rivalry than lexical visual cues, likely reflecting the shorter 
anatomical distance and object-based association. At the same time, we show that binaral 
rivalry maintains its own olfactory percepts to a certain degree despite the visual 
influence. Taken together, our findings suggest that part ofthe binaral rivalry is 
automatic and resistant to interference, thereby shedding new light to the mechanism of 
rivalry in olfaction. 
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